The porosity system is very complex in carbonates. It is well known that the pore space connected to fractures, solution enhanced bedding planes, and vugs (vug to vug) greatly enhance the fluid flow, compared with the pore space in isolated vugs. We propose a new workflow which combines existing methods to quantitatively characterize these different pore spaces from electrical borehole images. The workflow starts with an image calibration and a gap-filling for wireline images. After extracting the formation matrix, conductive and resistive heterogeneities are automatically delineated on the image using thresholds on contrast (against matrix) and value. By superimposing fracture traces, bed boundaries, and heterogeneity-connecting crest lines on the heterogeneity image, it is possible to automatically classify the full range of the heterogeneities. The geometry and the electrical properties of each of the heterogeneous features and the intensity of their connectedness are characterized. A porosity map is subsequently computed using an established method and the map is associated with the heterogeneities. In this way, the porosity of each heterogeneity type can be evaluated. Case studies have demonstrated that the workflow can provide quantitative measures of important reservoir parameters from electrical borehole images to better evaluate the fluid flow.
Introduction
The porosity system is very complex in carbonates where the distribution of primary and secondary porosity varies from facies to facies at different scales. A common result of diagenesis is the creation of 'vuggy' porosity, defined as the part of the porosity consisting most often of void spaces that are larger than the grains or crystals. In addition, tectonic stress often superimposes fracture networks on the depositional and diagenetic textures. It is well known that the pore space connected to fractures, solution enhanced bedding planes, and vugs (vug to vug) greatly enhance the fluid flow. On the contrary, the porosity due to isolated vugs contributes little to permeability, and the permeability is controlled by the amount of interparticle pore space of the matrix. Characterizing these different pore spaces in carbonates has been a great challenge for petrophysicists and reservoir engineers for many years.
Conventional logs have low sampling rates compared to the porosity distribution and often fail to predict accurately the production potential of these complex reservoirs. Accuracy has been greatly improved since the introduction of microelectrical borehole image logging and subsequent interpretation workflows. Microelectrical images are obtained by finely mapping the resistivity of the borehole wall. The vertical and horizontal sampling rate is 2.54 mm (0.1 in.) and the resolution (focusing zone) is 5.08 mm (0.2 in.) in the case of a widely used wireline formation microimager. Delhomme (1992) introduced a method to analyze the image texture by delineating conductive and resistive heterogeneities. A key limitation of this approach to textural analysis stems from missing strips of data in wireline electrical imaging tools. Newberry et al. (1996) proposed another method which is widely used today to better characterize carbonate reservoirs using microelectrical borehole images. This method computes the porosity distribution by applying Archie's law to each value of the conductivity image over short vertical windows; the distribution is then split into vuggy or matrix pore space by a variety of cutoff methods. However, the distribution relies on the cutoff method applied and makes it difficult to evaluate vuggy porosity and fracture porosity separately. Both the Delhomme and Newberry et al. methods provide highly valuable information, but their limitations have rendered a comprehensive image interpretation challenging. The purpose of this paper is to present a new workflow which combines the existing methods making the best use of their advantages to obtain maximum reservoir parameters from microelectrical borehole images.
Proposed Workflow
The new integrated workflow merges the following methods to describe and quantify the full porosity distribution from electrical borehole images (Yamada et al., 2013) . This workflow is applicable to high resolution electrical images from both wireline and LWD.
Preprocessing
The proposed workflow starts with preprocessing the raw image data. After calibrating the image value using an external shallow resistivity log and converting the value to conductivity, the image can be treated as a conductivity map of the borehole wall. Bedding planes need to be delineated on the image, so that properties computed on the image can be characterized along the bedding and also the delineated heterogeneities can be subclassified using the bedding planes.
Gap-filled image creation Borehole coverage of the Wireline microelectrical images is incomplete; because of the nature of the tool, the coverage is 80% in an 8-in. borehole in the case of the typical high resolution wireline tools. FILTERSIM, a recent multipoint statistics (MPS) algorithm is the principle component used to fill gaps in the image (Hurley and Zhang, 2011 Fractures often appear as segments not as sinusoids on borehole images. The automatic segment extraction method developed by Kherroubi (2008) is the preferred technique which allows one to extract segments based on mathematical morphology techniques.
Matrix extraction
The background of the image, which corresponds to the geological term matrix, is computed by removing noncrossing features on images such as vugs, molds, fracture segments, and intraformational conglomerates by the grayscale reconstruction transform.
Heterogeneity delineation Conductive and resistive heterogeneities are automatically delineated on the image using thresholds on contrast (against matrix) and value. Considerable improvements have been made to the existing heterogeneity delineation method. By superimposing fracture traces, bed boundaries, and heterogeneity-connecting crest lines on the heterogeneity image, it is possible to automatically classify the full range of the heterogeneities. The geometry and the electrical properties of each of the heterogeneous features and the intensity of their connectedness are characterized. The result is that the heterogeneities and their relationships are characterized much more accurately than with previous methods.
Image porosity analysis The porosity map (Figure 1 , 2 nd track) is computed using an established method that computes the porosity distribution by applying Archie's law to each value of the conductivity image and the map is also associated with the heterogeneities (Figure 1, 3 rd track). A new approach to distribute the porosity values has been implemented. By default, heterogeneities should correspond to local changes in porosity relative to the matrix; high and low conductive heterogeneities correspond to porous (e.g., vug, fracture) and cemented zones, respectively. Conductive heterogeneities not corresponding to pore space are ignored in the porosity calculation. The histograms of each texture class are created over vertical windows and are stacked ( Figure 1, 4 th track). The contribution of each type of porosity to the total porosity is computed (Figure 1, 5 th track).
Case study
This workflow has been applied to a carbonate formation. Thanks to the classification of porosity distribution, the origin of the porosity can be easily recognized. The comparison of image porosity and core analysis shows a good correlation in this example. The depths where the core permeability is high are associated with the zone where the pore space is connected to fractures and vugs (vug to vug) regardless of the total porosity.
Conclusion
It has been demonstrated that with the new workflow, microelectrical borehole images can provide quantitative measures of important reservoir parameters. The gap-filling, refined heterogeneity image, and subsequent image porosity analysis are key new steps in the workflow. We can classify the different types of pore space and quantify their contribution to the total porosity as well as their geometry and connectedness. These outputs will greatly enhance the estimation of the fluid flow and the production.
